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Preface

This report attempts to be a rather complete summary of all that transpired under a
contract covering five years of effort, from 1/1/88 to 12/31/92. The text includes
summaries of pertinent information; the appendices contain fairly detailed records of
activities.

Because of the length of the totality of research summaries, figures and tables are placed
immediately following the associated text. This has the effect of putting figures and tables
in positions that are more easily referred to. The figures are grouped first, the tables
second. All references are contained in one place, however, Section VII.

Where research results have been substantially reported in the open literature, the research
summaries have been limited by referring to those publications. Thus, the degree of detail
provided in research summaries is purposefully uneven, with greater numbers of figures and
tables provided for those projects which were not, as of this writing, fully reported in the

literature.
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Executive Summary

The Rensselaer Rotorcraft Technology Center (RRTC) was supported in the second
five years following its establishment by a contract from the Army Research Office which
provided a total of $2,426,000 for the period from 1 Jan. 1988 to 31 Dec. 1992.

During that five-year period a number of fundamental research advances were
brought about, which were reported in the literature, presented at national and
international meetings, and - in a number of cases - transferred to the U.S. industry
through one-to-one technical interchanges, consulting arrangements, or by additional
contracts from an individual company to the RRTC. Among the cases of successful
transfers of new technology were the following: coding a forced dynamic response analysis
for rotor blades using generalized coordinates, accounting for geometric nonlinearities and
suitable for incorporation in a particular company’s comprehensive analysis method
(V-F-1)*; interfacing a finite element based modal analysis with another company’s
comprehensive analysis code to advance rotor blade dynamics representations (V-E-3);
incorporating finite element formulations for composite rotor blades into the 2GCHAS
effort of the U.S. Army (V-E-3); developing "genetic search” techniques for rotor blade
optimization codes for minimum vibration as used by a particular rotorcraft company
(V-F-2); identifying limitations in standard computer code representation of elastomer
behavior in lag dampers, together with approaches for correcting them (V-F-3b); and
transmitting certain aspects of advanced computational fluid dynamics (CFD) analysis
applications for elastic rotor blade analysis to the U.S. Army (V-E-5).

In the course of 90 RRTC visits to industry, other universities and government
agencies over the contract period, there were 30 visits made by RRTC faculty and students
to rotorcraft airframe industry companies, including Bell, Boeing, MDHC, Sikorsky (and
UTRC, Hamilton- Standard), Schweizer and Robinson. Another 12 visits were made to
engine and other rotorcraft equipment manufacturers, including G.E., Grumman, Lord,
and IBM Defense Systems. A total of 29 more visits were made to government laboratories
and offices, including the Army, Air Force, NASA and NRL. Conversely, a total of 60
visits were made by rotorcraft industry, government agency and other university personnel
to the RRTC, during the contract period. In the course of all these visits, 59 formal
lectures or seminars were delivered, for the benefit of those not involved in face-to-face
interchanges.

The research described in this report resulted in 79 papers being published and 4
more being accepted for publication in rotorcraft related journals. Another 77 conference
presentations were made during the contract period.

A total of 32 advanced degrees were granted to students studying rotorcraft
technology in the Center, of which 18 were MS and 14 were Ph.D. degrees. Of these,23
were earned by U.S. citizens and 9 were won by students not yet citizens or those intending
to return to their native country. A total of 22 graduates found positions in the U.S.
rotary wing industry, 12 with government agencies, and another 8 with the associated
engine/equipment manufacturers during the contract period, if bachelor degree holders are
included, as of this writing.

As a part of the activities of the RRTC, 6 short-courses were given, designed to
up-date practicing engineers in the rotorcraft airframe, engine or associated equipment
industries. A total of 95 were enrolled, representing a wide variety of U.S. and foreign
companies, government agencies and universities. In addition, the 2nd International
Workshop in Composite Materials and Structures for Rotorcraft was held at the RRTC in
October ’'89, under ARO and AHS auspices. A total of 61 participants a.tended,
representing 10 U.S. and 2 European companies, 6 agencies of our federal government, and
faculty/staff of 8 U.S. and 1 European universities.

¥ Ttems in parentheses in the Executive Summary refer to sections in the report proper.
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I Introduction

In the five years following the establishment of Centers of Excellence in rotorcraft
technology by the Army Research Office in 1982, m:. ny of the fundamental problems which
were "at the cutting edge" of research at that time movea into the second echelon of
applications research. These problems were not, of course, completely solved in the years
from 1982 to 1987, but the underlying phenomena became well enough understood that
when aircraft developments required it, the aircraft developers were able to solve them
rather expeditiously. Such advances ircluded composite materials applications to rotor
blades, hubs and hinges, drive system components, and the fixed airframe (Bell and
Sikorsky ACAP aircra?t and Boeing Helicopter Company’s Model 360); experimental flight
tests of higher hurmonic control, as an active means to reduce vibration; bearingless main
rotors; the NOTARTM (no tail rotor, circulation control tail boom for main rotor torque
reaction and yaw control); five degree of freedom rotor isolation systems; and advanced
rotor blade airfoil sections and planforms --- to name a few. Other research problems,
however, well recognized five years ago, continued to elude satisfactory solution and
remained worthy challengers of those who would advance basic knowledge in rotorcraft
technology. Suli other phenomena became recognized as important for the first time or
emerged as more significant than was originally thought. These fundamental problems of
the 1987 era constituted the area of technological challenge from which Rensselaer’s
Rotorcraft Technology Center selected research topics to include in its second five year
program proposal to the Army Research Office [1].

It is indicative of the success of ARO’s Centers of Excellence in Rotorcraft
Technology programs that the nature of the proposal for the years 88 to 92 years vastly
different than that written five years earlier. Curricular offerings in rotorcraft technology,
experimental facilities, specialized computational methods, faculties with experience in and
dedication to this field had all been substantially strengthened. As planned by their
sponsors, the rotorcraft centers in that half decade passed from the start-up mode to one of
consolidation, solidification and permanent rooting. It became far less important to
identify the differences between the disciplines that are the foundations of rotary wing
aircraft and those underlying fixed wing aircraft; that had largeiy been done. The 1987
RRTC proposal to ARO attempted to recognize which requirements for fundamental
advances have been thrust into the regions of high research priority by rotary wing aircraft
systemic and operational developments, experimental concept verifications and
demonstrations, and by disciplinary advances. This report summarizes the research
conducted under the resulting ARO contract to Rensselaer [2] and the ci -ely related
activities which supported that research and enhanced transfer of the resvlts obtained to
the industry and appropriate  overnment agencies.

11 Funding and Contractual History

A five year contract [2] was received at Rensselaer effective 1/1/88 for the purpose
of continuing the development of a Center of Excellence in Rotorcraft Technology with the
total funding of $2.426 milliun. The first support increment covered a period ending on
9/30/88. Subsequent increments were made available on October 1st of each of four
successive years, and a final increment ir the fall of 1992 to cover the remaining three
months ending 12/31/92. The time history of the sum of this contract funding is shown on
the financial %orecast and expenditure chart of Fig. 1. Emphasis in planning for research
tasks and other performance matters were established for each up-coming year on the basis
of site visits to the RPI campus by the Army Research Office projeci monitors and
evaluative panels and subsequent discussions. Emphasis on research projects, described in
Section 5 of this report, were carried out, fundamentally, in accordance with ARO guidance




formulated in this way. A list of the ARO evaluative panel members is shown in Table 1,
and their years of activity on the panel indicated in Fig. 2. The dates of periodic site visits
is shown in Table 2, attendees and their agenda in Appendix A. Note that the initial
evaluation on May 10, 1988, rather than being "on site", was held at Durham, N.C. and
involved all three Centers of Excellence.

A request for a no-cost exteusion resulted in the contract end date of Feb. 1, 1993;
for a total performance period of five years and one month. The time history of actual
expenditures is also shown in Fig. 1. A comparison of budget and expenditures by major
categories is shown in Table 3.
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Table 2

Dates of Yearly ARO Evaluations

Dates Sites
May 10, 1988 ARO - Durham
April 18-19, 1989 Rensselaer
June 29, 1990 Rensselaer
May 15, 1991 Rensselaer
October 6, 1992 Rensselaer
Table 3

Comparison of Accumulative Budget* and Expenditures by Category

Rensselaer Rotorcraft Technology Center

Category Budget Expenditures
Salary & Beneﬁts(l) 70.9% 62.0%
Travel 1.5% 2.7%
Supplies & Services(z) 2.9% 2.5%
Equipment 0.7% 1.8%
Computer 1.8% 3.8%
Overhead 22.2% _271.2%
100.0% 100.0%

* This breakdown reflects year-by-year reallocations; eg as
influenced by fringe benefit and overhead changes.

(1) Includes graduate student and fellowship stipend and tuition.

(2) Includes subcontracts and publication costs.




II1 Center Organization and Management

The Rensselaer Rotorcraft Technology Center (RRTC) is organized as shown in
Fig. 3. Professors Robert G. Loewy and R. Judd Diefendorf, were named initially as
Co-Principal Investigators under the contract and functioned as Director & Assistant
Director of the Center, respectively. In March, 1992, Dr. Olivier A. Bauchau was named
Co-Principal Investigator and Assistant Director, in place of Prof. Diefendorf, who had left
Rensselaer earlier for another position. Fig. 4 shows the chronological involvement of
faculty with support under the contract.

Members of the Industrial Technical Advisory Panel, shown in Fig. 3, are listed in
Table 4. Members were chosen deliberately as first-line supervisors who had responsibility
for across the board technology within each of the major helicopter development and
production companies in the United States. At the suggestion of Deputy Assistant
Secretary of the Army for Research, Development and Acquisition, Mr. George Singley
(DASARDA) and ARO Director, Dr. Gerald Iafrate, during a visit to the RRTC cn Jan.
16, 1991, this advisory group was expanded to include representatives of U.S. Army agency
offices. This is also shown in Table 4, and the modifier "Industrial" dropped, henceforth,
from the committee title.

The faculty group shown in Fig. 3 as the Budget Advisory Committee, periodically
reviews progress and accomplishments in all program performance areas: namely
course/curricula development and revision; distinguished fellowship candidate attraction,
selection & retention; continuing education; and research projects. The specific "next
year" planned program of research presented for consideration at ARO site visits (see
Appendix A), was selected by the Director from faculty proposals on the basis of advice
from the committee, and allocations from each year’s contract funding were made by the
Director on the basis of their advice for the next years’ research project budgets to
accomplish what had been outlined in ARO guidance. Members of the Budget Advisory
Committee are listed in Table 5.

Day to day supervision of the tasks established as described above, was carried out
by each of the faculty members listed under research project headings in Section V as
"Senior investigators". A complete list of the faculty contributing to the goals of the
center are listed in Table 6. They are identified there as to chronology of involvement,
research specialty, center role and whether directly funded by the ARO contract or not.
For convenience, their years of funding under the contract are shown in Fig. 4. The faculty
of the (})lenter was ably assisted by staff during the contract period, in positions and for the
terms shown:

Mr. Volker Paedelt Manager, Composite Materials 1/1/88-
& Structures Laboratory 12/31/92
Dr. Donald Radford Post Doctoral Fellow 6/1/88-
6/30/88
Dr. M. Bobby Mathew Post Doctoral Fellow 7/1/88-
12/31/89
Dr. C.Y. Lin Visiting Scholar 1/1/92-
Assoc. Prof., National 12/31/92
Taiwan Inst. of Tech.,
Taipei, R.O.C.
Mr. R. Y. Li Visiting Scholar 7/1/92-
Chinese Helicopter R&D 12/31/92

Institute, Jingdezhen,
Jiangxi Province, P.R.C.
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Table 5
Faculty Budget Advisory Committee
Rensselaer RTC

Dr. Robert G. Loewy, Director RRTC (88-94)
Institute Professor
Department of Mechanical Engineering,
Aeronautical Engineering and Mechanics

D1. R. Judd Diefendorf, Assist. Director RRTC (88-90)
Professor
Department of Materials Engineering

Dr. Olivier A. Bauchau, Assist. Director RRTC (90-93)
Associate Professor
Department of Mechanical Engineering,
Aeronautical Engineering and Mechanics

. Prabhat Hajela (91-93)
Associate Professor
Department Of Mechanical Engineering,
Aeronautical Engineering and Mechanics

Dr. Erhard Krempl (88-91)
Chairman
Department of Mechanical Engineering,
Aeronautical Engineering and Mechanics

Dr. Robert Mayle (88-91)
Professor
Department Of Mechanical Engineering,
Aeronautical Engineering and Mechanics

. Mark Shephard (91-93)
Professor
Departments of Civil Engineering and of
Mechanical Engineering, Aeronautical
Engineering and Mechanics

Dr. Sanford S. Sternstein (90-93)
Professor
Department of Materials Engineering

Professor Richard Bielawa (88-90)
Associate Professor
Department Of Mechanical Engineering,
Aeronautical Engineering and Mechanics
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v Educational Components

A. Dis'tinguished Fellow: - Program
(Responsible Facult: :i.J. Diefendorf, 88-90; R.G. Loewy, 90-93.)

As part of the Center’s efforts to attract promising young people to the study of
rotorcraft technology at the graduate level, posters with self-addressed, postage-paid,
tear-off return cards were designed, printed and mailed to 179 colleges and universities in
the United States and Canada during the first 5 year contract, from ’'82 to ’87. New
posters were sent in each of the years 83, 84, 85 and 86. As a resuli of the program’s
growing visibility, the need to specifically advertise this program was seen as sufficiently
reduced that no posters were used during the period of the subject contract.

The benefits of being chosen an ARO Distinguished Fellow included a stipend for
eleven months keyed to the Consumer Price Index (C.P.I.) as published in the Economic
Report of the President. Stipends actually disbursed under this program are shown in
Table 7. In addition, all academic year tuition was paid by the fellowship. A $1,000.00
travel allowance was also provided, usually as necessary to provide one trip to a national
meeting per year. This was customarily the American Helicopter Society Annual Forum,
but could have been another or additional meeting, as mutually agreeable to the particular
ARO Fellow and Program Director. A computer allowance of $1500/year, in addition to
those which Rensselaer made available to all students for specific courses was also
provided. And finally, office space contiguous or shared with other ARO Distinguished
Fellows was offered, at the student’s option.

Selection among candidates for ARO distinguished fellowships was based on the
following criteria: (16) U.S. citizenship ga stated ARO requirement); (2) outstanding
academic record, including the eminence ot the institution at which it was attained; (3) a
credible statement, in writing, of strong interest in rotorcraft technology; (4) some
industrial experience (eg summer employment) was seen as highly desirable if not
mandatory; (5) a commitment to participate as fully as possible in the program of the
RRTC. Dossiers of candidates were considered by the Budget Advisory Committee (See
Section 3 of this report). Those candidates this committee recommended for ARO
Distinguished Fellowships were then reviewed by the Institute-wide "Topper" Committee.
The "Topper" Committee consists of faculty chosen from among the Institute’s five schools
(i.e. colleges) and is charged by the Dean of the Graduate School with deciding which
graduate students are so outstanding as to merit additional (i.e. "Topper") monetary
support from the Institute. Their function in the case of the ARO Distinguished
Fellowships was to insure that these highly desirable fellowships were to be awarded to
students whose credentials were consistent with the highest standards being met in
Rensselaer’s graduate program.

That these difficult criteria were, in fact, met is best evidenced by the credentials
and status of those students who were awarded RRTC ARO Distinguished Fellowships in
the period covered by the subject contract. This is summarized in Table 8.

B. New Course Offerings and Revisions
(Responsible Faculty: R. Loewy)

During the second five years of the Center’s development, new course and curricular
changes of two kinds took place. At the graduate level, the importance of finite element
analyses, nonlinear mechanics and computational fluid mechanics to rotorcraft technology
added to the impetus to offer additional courses in these areas. The following courses,
therefore, were either offered for the first time or significantly strengthened: 37.631,
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Nonlinear Vibrations; 37. 640 Analytical Dynamics; 37.666 Finite Element Methods II,
37.667 Nonlinear Finite Element Methods; 37.670 Finite Element Methods in Structural
Dynamics and 37.672 Computational Fluid Mechanics. At the same time, a review of the
undergraduate aeronautical engineering curriculum was conducted leading to a three-track
option puttir, 4 rotary wing concentration on an equal level with fixed wing and space
technology, for the first time at RPI, and very likely, within U.S. colleges and universities.
These new options are shown in Table 9 (from Ref. 3). Adoption of this new curriculum is
evolutionary. Beginning in AY 92-93 the Helicopter Design Project is accepted as an
option for satisfying the requirement for a senior-level "capstone design" course. The
importance of such undergraduate aspects to a graduate level program of rotorcraft
technology research, of course, is as a direct "feeder" of well prepared, entering students.
As a result of these offerings and the ARO Distinguished Fellowship program, graduate
enrollments with rotorcraft technology grew as shown in Fig. 5. Note that the number of
graduate students in this program is approximately doubled by those involved who are not
supported by the ARO contract. This must be considered an important measure of success
in the program.

C. Graduate Level Thesis Researcn

Although Rensselaer has a Master’s Degree option which does not require a
dissertation, a large majority of all masters recipients, and - course - all doctoral level
candidates, submit a thesis reporting the results of original research, as a part of their
degree requirements. A 1ist of graduate students involved in RRTC program research,
their faculty advisor, research topic(s), and whether they received ARO contract funding
support is given in Table 10. Results produced by such thesis research, of course, is
incorporated in dissertations, titles for which are given in Appendix B, listed by degree
year.

D. Intramural Exchange

Any multifaceted program which hopes to enhance synergism among its varied
projects will set up as many avenues of interchange among its faculty, siaff and students as
possible. Such will, of course, enhance research performance, as is reported in Section 5, of
this report. In many ways, however, the process is an important element of the students’
education, all too often under-emphasized. One such activity of the RRTC, instituted at
the program’s inception, has been highly successful from both research interchange aspects
and as an educational tool. It is reported briefly here for the latter reason. The
mechanism is known as the "BBL", short for "Brown Bag Lunch".

Once a week during the academic year, all faculty and graduate students are invited
to join in (bringing and) having lunch in a conference room at which informal presentations
and discussions are held over the lunch hour. Subjects for these meetings are fourfold, of
which two or three kinds are generally present in a single meeting: (1) brief
"administrative" announcements (i.e. untechnical subjects of general RRTC interest); (2)
reports of plans, problems, approaches to solutions, and progress on individual research
projects; (3) general discussion of a single, relatively broad RRTC technica! issue, the
subject of which has been previously announced; and {4) a summary of matteis »f interest
which arose in the course of a national or international level professional conference, off
campus, which the presenter was able to attend.

A summary of BBL agenda’s over the period covered by this report are given in
Appendix C. It is important to note that the technical progress reports are lisied by
faculty name only to indicate who is responsible. The vast majority of these reports are
given by the student(s) involved in that research. Students also join in the general
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discussions, of course, and make some of the "auministrative reports" and professional
meeting reviews.

The instructional aspects of these BBL’s have been found to be substantial and
significant. They include experience in making presentations; becomin$ accustomed to
revealing difficulties and plans as well as results; "thinking on your feet" and responding
"off the cuff" to questions and suggestions which can be challenging; receiving critique and
suggestions on style and preparation from your mentor (in private and often reflecting the
reactions of other faculty and, occasionally, other students), engaging in technical
discussions "from the floor"; and generally learning the benefits and pitfalls of interchange
meetings and discussions. The reaction of visitors (who attend wh=n appropriate), of
faculty participants and of the students themselves, all indicate that this is an activity well
worth the time and effort.
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Table 7

Rensselaer RTC ARO Distinguished Fellowship Stipends by Year

Year 87 -88 88 -89 89 - 90 90 -91 91 -92
Change Base 4.5 5.0 7.0 4.0
in CPI* (%) Year
Stipend 14,060 14,700 15,435 16,515 17,175
(11 Months)

* Between 2 previous years (from Economic Report of the President)
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Table9
Undergraduate Aerospace Curriculum Objectives Accepted Sept. 1991

INTRO Intro to

Eng'g & Eng’g
Proscgss.es A&4B
Fund'ls of Flt’ or Intro. to Space Eng’g or E-MAD
4 courses
9 credits

6.6% tot. cr.
TN /////////////////////////////////////////////t/";‘///r/////

CORE
e Math LII, & DE, Prob & Stats

Software Eng’g, Numerical Computing
o Phys IIIII, Lumps

‘Elective§  —————ee—eeepme o Chem & Mat’ls LII - H&SS Electives
4 courses o Mech’s, Str of Matl’s, Theory 8 courses
12 credits of Struct’s I & II 24 credits
. 8.8% tot. cr. o Intro to Fluid Mechs. I, 17.6% tot. cr.
Applied Fluids

e Compos. Lab or E-Lab*,
Exp. Fluids I, and Exp. II or Mech Vibs Lab,
o Eng'g Thermo, B.L. & H.T.
e Theory of Propuls
e Intro tci Auto. Control

25 courses

81 credits

59.6% tot. cr.
I T /T
DESIGN .

SPACE \‘EHICLES FIXED WING R(E;RY WING
Spacecraft Dynamics Vehicnl!r Perf. Helic. Perf, S & C
Vehical Dyn & Cont’l Vehic. & Cont’l Vehicular Dyn & Control
Space Sys. Desgn Proj. Fixed Wing Desgn Proj. Helicopter Desgn Proj.

(Capstone) (Capstone) : (Capstone)

I ' 3 courses
10 credits
7.4% tot. cr.

Total Courses = 44 Total Credit Hrs = 136

NB: Sum of H&SS electives + free electives = 12 courses, 36 credits, 26.4% total cr.
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\4 Research

Research accomplishments, the status of research still in progress and the
dissemination of results obtained under the contract during its duration are summarized in
the following paragraphs. It should be noted that the faculty researchers leading each of
the projects that follow are designated "Senior Investigators". The other faculty/staff
members shown were "supporting investigators" for the projects. In the case of ARO
Distinguished Fellows, the projects shown were formulated with more latitude given to
these outstanding students than is usual. Faculty involved in these projects, therefore, are
designated "Faculty Supervisors".

A. Advanced Composite Laminates for Rotorcraft
(Sr. Invest’r. R.J. Diefendorf; O.A. Bauchau and S.J. Winckler)

Analytical modeling, fabrication and testing research intended to develop new two-
and three-dimensional composite concepts were the subject of this project. Advantages
sought were advanced elastic tailoring, improved load transfer and/or reduced fabrication
costs.

Improving the tolerance of major load redistribution gradients such as occur at
so-called "field splice" joints in helicopter fuselages and, typically, in composite rotor hub
components was a motivating problem in this subject area. In particular, new analysis
methodologies were sought which would be capable of predicting the elastic characteristics
of laminates with "bend" and "splay" intralaminate fiber concepts. (These concepts are
portrayed in Fig. 6.) Note that "theta" in these figures is defined as the angle of
intersection between fibers and lines emanating radially from the center of the hole.

Therefore, means of both defining efficient bolt hole reinforcements in composites
and manufacturing them were first investigated. Because traditional fiber orientations in
composites had been limited primarily to X-Y orientations, efforts were concentrated on
using cylindrically oriented fibers around pinned connections or bolt holes to improve
strength, reduce stress concentrations, and allow material usage to more confidently
approach property limits.

Samples were made using hand lay-up techniques and special tooling to orient
"bend" and "hoop" fibers around holes as desired. Such reinforced specimens were
mechanically tested by applying in-plane tension loads through pins inserted through the
laminates. In some tests, nonlinear fiber samples exhibited improved strength after initial
failure, while the control maintained a steady post-failure load. Generally, however, the
presence of "hoop" fibers was associated with increased delamination, attributed partially
to the increased thickness of these plys.

A braiding machine was modified to adapt it to the purposes of this project, ie using
hiﬁh performance fibers such as graphite. The braider fiber-carriers were re-designed and
rebuilt to minimize damage to high modulus fibers, by increasing the radius of curvature on
several fiber-contact surfaces and causing some of these surfaces, formerly stationary, to
move. The intention of these modifications was to allow automated manufacture of bend
and splay fiber arrangements which would have improved quality and decreased sample
variability, through the elimination of hand construction.

Fabrication experiments were performed making use pre-impregnated, braided
graphite-epoxy, hole-sleeving samples formed by the deformation method. These
experiments made it clear that the size of the area containing non-linear fiber
reinforcements in the hole-sleeve is determined by the initial preform diameter.
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Furthermore, it was observed that the resin pre-impregnated on the graphite tow used in
the pre-form restricted the fiber movement necessary to the deformation process. The
question, "How can we make useful laminates with curved fiber paths?", therefore, emerged
as at least as troublesome as "What fiber paths should be used?", in improving composite
applications to load redistribution structures for mechanical joints.

Tests using dry tow to fabricate preforms were conducted to ascertain how
eliminating resin pre-impregnation would alleviate the fiber movement problem in the
precure deformation steps. Such would require that the preform be impregnated following
deformation to final precure shape, a step involving uniformity and other quality
considerations. The intent, in this case, was to achieve near net-shape preform
manufacture, to alleviate the size-limiting problem. The approach taken was to braid the
preform on a conical section and then deform it to the final shape.

The fabrication experiments performed th various approaches to the near net
shape forming of dry fibers over a conical ma.drel showed fiber slippage to be the
overriding problem. Means to prevent fibers slipping down the sloping surface of the
mandrel and accumulating at the bottom emerged as the primary need. A few degrees
misalinement in the preform resulted in still larger misalinements in the final part, and all
efforts to prevent fibers slipping down the sloping surface of the mandrel and tending to
accumulate at the bottom, could not alleviate this situation.

Efforts were turned, therefore, to evaluating the comparative bearing strengths of
laminates with discontinuous straight fibers, as result from drilling bolt holes in a
conventional lay-up, versus laminates with continuous, curved fibers into which holes have
been molded during the during process. The cure/hole molding fixture is sketched in
Fig. 7. The pin diameter used was 1/4". Measured bearing stresses at failure for three
types of specimens; ie drilled, braided/molded and woven cloth/molded, are shown in
Fig. 8. Nine tests were run for each type of specimen. While scatter is greatest for the
drilled specimens, their average failure stress is substantially higher than either of the
molded hole types. In fact, the lowest data point for the drilled laminates is higher than all
but one data point obtained with the other two types.

. Attempts to account for this, using the theories of Refs. 4 and 5, {produced the
results shown in Table 11. Note that the ultimate failure strength reduction from the base
case is 31%, when wavy outer zero plies are removed, and that for the two molded-hole
specimens, these reductions are 35% and 36%. This work lead to the following conclusions:

o fiber waviness, especially in outer plies, which arises in braided and woven
designs, lowers bearing strength more than does discontinuous fibers

e fiber misalinement theories used with classical laminate theory (CLT) predict
the measured reduction in bearing failure stress with reasonable accuracy.

At that point, the research conducted under this project was concluded.
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B. Hygrothermal and Microcracking Effects on Tailored Composites
(Sr. Invest’r. S.J. Winckler; E. Brunelle)

Elastic couplings are usually the objective of tailored composite designs, and
tension-torsion coupling is a frequently encountered example. These couplings rely heavily
on matrix properties, and these properties are most susceptible to hygrothermal changes.
Current designs use laminates in which extension and torsion modes are fiber-dominated.
Hyi:otherma.l changes do not have a strong effect on such laminates, but neither do blades
making use of them possess tension-torsion coupling.The purpose of this research project
was to examine means by which elastic coupling can be maximized and the hygrothermal
sensitivity of all elastic properties reduced. This involved developing analytical models for
predicting changes in stiffness and coupling during hygrothermal conditioning, which
satisfactorily match test results.

As a first step, experiments were performed ‘o quantify such effects. Samples were
made and tested to measure elastic coupling on laminates which typically exhibit the kind
of behavior desired for tailored composites. The experimental set-up provided for
controlled temperature environments and was capable of measuring both the changes in
shear modulus and changes in coupling with changes .n temperature from room
temperature to 200°f. The upper temperature limit was seen as an extreme condition
likely to be encountered by, say, a rotor blade on start-up, after having been exposed to
tropical sun on an airfield for several hours. Humidity variations dealt with two extremes:
"dry" and submerged in water. The indicator used for moisture was percent weight gain.

Measurements of tension-torsion coupling were made under "room air" conditions
(moisture content ~ 0.25%), witn temperatures ranging from 30° to 90° C. Data was also
obtained for dry specimens (moisture content ~ 0.02%) using a desiccator to store test
specimens in a low-moisture-content condition. Such measurements determining the
effects of temperature and moisture content on the material shear modulus, were made over
the same range of temperatures and moisture contents as was done for elastic coupling, and
used as input to a model for predicting hygrothermal effects on elastic coupling. The
results show the decrease expected in coupling and modulus {-r increased moisture content.
The results for varying temperature, however, showed an unexpected effect in the lower
ranges of (room) temperature. The stiffness appeared to increase slightly with the first
temperature increase, before dropping off in the expected manner.

The theoretical studies discovered that certain laminates incorporating two
materials instead of just one, referred to as hybrids, exhibit coupling with negligible
variations due to hygrothermal $HT) effects. The laminate mixes in hybrids were chosen
so as to trade-off independence from HT effects with degree of coupling. Thus, reductions
in HT dependence were sought which provided acceptable levels and still provided useful
amounts of coupling, by varying the ratios of the two materials used.

The theoretical modeling of the effects humidity and temperature (HT) have on
elastic coupling took only shear modulus variations into account. This seemed a valid
assumption, since shear modulus dominates the coupling. However, correlation between
the theoretical results and experimental data showed the same form for the variations, but
not the same magnitudes. Required data for some of the material properties was either
suspect or unavailable, hen.: work was conducted to develop improved data. It is
important to note that the desired properties cannot be determined by direct
measurements on unidirectional samples. Hybrid test specimens were made using "dry"
fiberglas layers for which the resin "run-off" of prepreg carbon layers provided the matrix
material. Thus, data had to be "backed-out" of test results performed usin, hybnd
samples. This technique required both accurate knowledge of the relative amounts of each
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material - graphite and glass - and accurate modulus measurements. Accordingly, #45°
single material (graphite) specimens were tested for modulus to determine the accuracy of
these oroperties. The results, compiled in multiple tests of six different specimens, showed
wide ariation in moduli, as shown 1n Fig. 8. At this point, further attempts at correlation
were ierminated in favor of investigating the effects of microcracking.

Following review of existing microcracking theories, the microcracking model of
Dvorak, Law and Hejazi [6] for a unidirectional laminate was chosen for - (a.) arbitrary
orientation and loading, (b.) self-consistent micromechanical form ....ion and (c.)
independent crack-spacing parameter, expressed as a uniform crack density. This was
adapted for a plane stress model used in Classical Laminated Plate Theory (CLT) %o

redict variations in transverse and in-plane shear compliances, all modulus terms
flongitudina.l, transverse and shear) and Poisson’s ratios.

The single-ply stiffness microcracking model which was developed, allowed
integrating plies with known crack densities into classical laminated plate theory, thus
enabling laminate stiffnesses to be calculated, and crack density distributions to be
represented through the laminate thickness. Relative crack densities due to applied loads
could thus he determined for plies of arbitrary orientation within a laminate.

Such distributions for two different laminates under axial loading are shown in
Fig. 9. The [0/45/-45/90) laminate represents a typical conventional uncoupled laminate.
The [20/-70] laminate possesses tension-twist coupling. Fig. 10 shows the variation in
compliance for these laminates as crack density increases. The increased sensitivity of the
coupled laminate to microcracking as compared to the conventional laminate, is clearly

shown in this figure.

Comparisons of these predictions with published data showed that the model
accurately predicts laminate behavior. However, the published data is severely limited in
range and none was available for coupled laminates. Experiments were seen as needed to
create the unavailable data.

Experimental work was therefore conducted to demonstrate the effects of
microcracking on #45° samples, in which an applied longitudinal (ie 0°) force produced a
shearing response. Since shear properties dominate coupling response, data on this mode
could be used to predict coupling variations with microcracking. The expected cracking
behavior was observed in specimens tested to failure. Fatigue-type tests were performed
by subjecting specimens to tension-tension cycling to about 50% of ultimate strain, and
crack density was seen to increase with the number of cycles. At various times during
these tests, cycling was stopped and the axial modulus of the specimen was measured.

Two additional types of specimens were also tested: [0/903)s laminates, which often
appear in the literature and were chosen because cracks were most likely to form in 90°
plies; and [20,/-70,)s laminates, which possess tension-twist coupling. Fig. 11 shows the
measured changes in axial modulus resulting from stress cycling for two specimens based on
these laminates. Cycling of the [0/903]s specimens was conducted at peak stress levels
corresponding to 45.6% of ultimate; that for the [20,/-70,)s specimens at 45.7%. On the
log cycle scale (Fig. 12), it a.Fpears that there is no significant modulus change at low cycle
numbers. As the number of cycles increases, the modulus drop-off becomes more severe.
The same data plotted on the linear cycle scale of (Fig. 11) presents a different picture.
The [0/903)s laminate’s modulus drops rapidly at first, but then appears to approach a
limit, indicating what appears to be a "shakedown"-type behavior. The modulus of the
[205/-705)s laminate, however, appears to be dropping linearly and continuously, not
approaching a limiting value. This indicates the need to develop laminates whose gross
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elastic behavior is unaffected by microcrack formation.

A basic assumption when dealing with microcracks is that cracks in compression
have no effect on laminate behavior; a ply with closed cracks is assumed to be uncracked in
evaluating compressive behavior. Thus, applied moments which create a stress distribution
through a laminate in which the laminate may be partially in tension and partially in
compression, make for a situation more complicated than when limited to loads uniform
through the thickness. As loads change, and with them the overall moduli of the laminate,
laminate behavior becomes load dependent.

The change in the location of the point where stresses change from tension to
compression, denoted (g, is shown in Fig. 13 for a [0/90/0/901]'r, graphite/epoxy laminate.
The transition is plotted against the ratio of the applied axial load and moment, Ryy. The
illustrated laminate has cracks only in the 90° plies. As the transition point moves
through the laminate, cracks which initially were closed are opened and laminate properties
change. The variation of one such property, the axial compliance of the laminate, is shown
in Fig. 14 for a variety of crack densities. Other moduli show larger variations, up to
about 20% for this laminate and range of crack density. On this basis, it appeared that
properties that were previously considered constant throughout a particular structure and
for a variety of loadings, may, in fact, vary over the structure and change with applied
load, due to microcracking.
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C. Analysi Design of Composite Fuselage Frames
Sr. Invest’r. O. A. Bauchau

The intent of this research was to develop a model, validated by appropriate tests,
which would allow the accurate analysis and design of helicopter fuselage frame
components using composite materials. The features to be included were strong curvature
height to radius of curvature ratio of the order of 1 to 3), major secondary stresses
crushing and curling) due to this curvature, sharp changes in gage thicknesses, and
material anisotropy effects, including continuously varying directions of principal axes of
orthotropy. These structural features had not been handleg very well by existing analyses.
Load concentrations typical of attachment points and damage tolerance and delamination
sensitivity were also to be investigated.

Preliminary work initiated an experimental program aimed at manufacturing
representative curved fuselage frame components. A straightforward, hand lay-up
technique with wooden molds was used. Two specimens were fabricated by this means,
intended for static testing. Attempts to test these curved I-beam specimens showed them
to be very prone to lateral buckling. Since such frames are stabilized against lateral
buckling by the fuselage skins they support when installed in the completed airframe, a test
rig with features to eliminate this instability was required.

A finite element model of thin, curved frame components was also developed, to
identify and quantify the major structural problems, such as web crushing and flange
curling, which occur in curved I-beams. These preliminary studies were intended to
improve understanding of the structural response of curved composite fuselage components
to the extent that designs with improved performance and more efficient manufacturing
techniques could be devised.

The behavior under load of a curved composite beam used in the ACAP program
was studied, using an existing finite element code (ABACUS) and also applying a "strength
of materials" type of analysis developed especially for this research. The curved I-beam
configuration in question had flanges with the following lay-up: [(0/90, 0, 0/90, 0, 0/90,
£45)s, 02, (0/90)3 and was subjected to a bending moment. It was shown that flange

- curling relieved the flange’s axial load to such an extent that the load drops to zero at its

‘edge.

The second example analyzed was an extreme case, in which the flange consisted of
a unidirectional lay-up. Here the effect of curling is so pronounced that the axial stress in
the flange changes sign. Although the same bending moment was carried in both cases, the
maximum loads in the upper £ange were 1,000 1b/in for the former and 2,000 1b/in for the
latter. Similarly in the lower flange, the maximum loads were 2,000 to 4,000 lb/in for
these respective cases. These comparative examples showed the importance of choosing
proper lay-ups for composite beams with strong curvature.

Good correlation was found between the predictions of the 3-D FEM model of
laminated composite I-beams, on the one hand, and those of the analytical model, on the
other hand, for various flange lay-ups. Further, the stress distribution in the flanges was
found to be characterized by a single parameter for the anisotropic case, a, incorporating
material stiffness and geometric effects; namely,
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Subsequently, material stiffness effects and their impact on stress redistribution in
the flange were emphasized. Flange efficiency was defined in terms of P/Po, the ratio of
the totaf load in the flange with curling to the total load in the flange without curling. It
was found that flange efficiency decreases as a increases. For a particular material system,
a is bounded by its transverse and longitudinal moduli, as follows:

E + E
Tefe | ¢ L

Where: ayg is the corresponding parameter for isotropic material.

Comparisons among various material sysiems showed that stiff material can provide
maximum flange efficiency with the proper lay-up; however, improper choice of lay-up can
result in a very inefficient flange. As a increases, greater stress nonuniformity over the
flange width results in larger axial loads at the root, whereas the more uniform stress
distributions over the flange, corresponding to smaller a values, result in larger bending
moments at the flange root.

To assess the overall load-carrying capability of this kind of structure, analyses
were performed for cases in which bending moments were applied to a beam with the given
geometric configuration. A family of laminates was postulated and the maximum bending
moment capacity was predicted using classical lamination theory and the Tsai-Wu failure
criterion. The results raised some interesting points. Intuition might first lead a designer
wishing to take maximum advantage of fiber strength and stiffness to chose a
unidirectional fiber lay-up with 0° orientation. In fact, for the curved beam case, this
lay-up would provide less strength than one with all the fibers running in the 90° direction,

" .and a nearly quasi-isotropic lay-up provides maximum strength. Examination of another

family of laminates illustrated that the lay-up and stacking sequence of the flanges
drastically affect the overall load carrying capability. Difference factors up to five were
observed. Again, a nearly "quasi-isotropic" lay-up seemed best, but might not guarantee
the highest strength.

Accordingly, the research turned to the u!timate objective of producing a set of
guidelines for use in the analysis and design of curved composite beams. A systematic
procedure was sought to assess the structural performance of several alternate
configurations, accounting for curling and crushing phenomena, including an optimization
code to efficiently compare various design possibilities and choose, for a given loading and
external geometry, the material system, web/flange lay-up and cross section combination
which has the minimum weight.

Two cross-sectional configurations, "I" and box, were studied for curved frame
applications. The stress distribution in the flanges were found to be characterized by two
parameters, incorporating flange and web material stiffness and geometric effects. For a
particular geometry and material system, these parameters were also found to be bounded
by the ratios of the transverse and longitudinal moduli, and the particular lay-up and
stackinﬁ sequence of the flanges to drastically affect their overall load carrying capability.
In the "I" cross-section, curling moments in the two flanges are equal and opposite where
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they join the web, so that the web plays no role in the way these moments are carried. In
the box configuration, however, the web provides "end fixity" for the flanges as they carry
curling moments. Web design in box cross-sections is, therefore, important in determiring
flange efficiency and overall ?oad carrying capability. A web with high bending stiffne:: n
the box configuration will increase the curling moment which the flang: can carryv by
providing high "end fixity", through the web torsional spring constant, whica is reflected in

D 3

a large value of a p: -meter K* v [D’“](t"] {2Lfl. The curling moment at the

= t ¢ D
D22g

point where flange joins web is then carried uniformly over the web. In the process of
improving flange efficiency by increasing box cross-section web bending stiffness, there is a
point at which improving flange efficiency further may decrease overall load -arrying
capability as the web becomes the critical design point. Thus, overall box beam strength
was found to be determined by an appropriate combination of flange and web laminates
and cross-sectional configuration.

An overall optimization was performed for a frame with an I-cross-section. Initial
comparisons between optimized straight and curved I-beams with isotropic material
properties under bending was examined. The optimizer distributes the structural weight so
as to minimize web thickness and increase overall bending stiffness. While no preferred
way to distribute the flange material emerges in a straight beam, for the case of a curved
beam the material is distributed to minimize curling stresses; ie the web thickness is
minimized, the overall bending stiffness maximized, the flange thickness maximized and
ﬂan?e width minimized. The optimizer distributes structural weight in a curved box beam
similarly; ie to maximize overall bending capability and minimize flange curling.

Predicting the critical design point location is more difficult for a composite beam
than for one of isotropic material because of the variety of ply orientations available and
corresponding strengths through the laminate thickness. Initial curvature of a beam
further complicates the optimization problem. While it was not possible to find the
optimum flange and web lay-up combination for a given cross-section, because of these
. factors, certain trends were obtained. These studies confirmed intuition, in that placing
flange fibers orthogonal to the web minimized flange curling. Further, the minimum
allowable web thickness was established as that required to resist the web axial and
crushing loads for both I- and box cross sections. For the box beam, low web bending
stiffness seemed beneficial in reducing flange curling moments.

Good correlation was found between the analytical solution and the FEM model
results for the web axial, radial (crushing), and shear load distributions in isotropic beams.
Web stress distributions differ with location along a curved beam. The maximum
cross-sectional axial load and bending moment, which cause maximum axial and radial
stresses, occur at the mid-section of the beam; maximum shear stresses coincide with
position of the maximum shear load at the ends of the beam. Comparison of the analytical
model predictions with FEM results for a composite beam, shows good correlation of the
axial stresses, as well as the maximum shear and crushing stresses, although at some
stations significant inaccuracies were encountered. The maximum crushing and shear
stresses in the web were smaller than web axial stresses, but not insignificant. Thus, it was
found that, if manufacturing considerations in some applications dictate that one lay-up be
held -nstant at all sections of the web of a curved beam, despite the fact that individual
cros -ectional loads vary, a conservative approach would be to design for the maximum
crush.ag load and the maximum shear load.
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Finally, analyses of a C-sectional beam were conducted, and compared with test
results obtained from the Boeing Helicopter Co. The results of this project were
summarized in 8 doctoral thesis [7] and the graduate student who conducted this research
began employment continuing the studies in the industry work-place.

D.  Optimization of Composite Drive Shafts

(Sr. Invest’r. M. Darlow; O.A. Bauchau)

This effort was undertaken to advance the state-of-the art in helicopter drive shaft
systems technology. More specifically, the rotordynamic behavior of supercritical,
composite driveshaft systems for helicopter applications was investigated. The benefits of
this research were seen as including lighter weight systems, lower maintenance costs, and
higher reliability relative to current production aluminum driveshaft systems.

The project consisted of both analytical studies and experimental verification. The
analytical portion used optimization techniques to find the least weight shaft system design
consistent with specific power transmission requirements. Transfer matrix methods were
used to model shaft dynamics, and shaft torsional bucklingloads were determined using an
analysis developed at RPI, under ARO sponsorship, by O. Bauchau [8]. The analytical
portion using algorithms developed for optimizing shaft systems based on geometric
envelope, torsional stre:gth and elastic stability (buckling), torsional and lateral
vibrations, and weight, had been completed and documented in previous published papers,
and theses [eg. 9,10). These studies considered, as examples, synchronizing shafts on the
Boeing CH-47 and tail drive shafts on the Sikorsky UH-60 and the McDonnell Douglas
AH-64 helicopters.

The experimental study had the purpose of demonstrating that supercritical
composite shafting, designed using the optimization analysis, could be operated safely and
reliably. A test rig capable of running subscale shaft models at speeds up to 11,000 RPM
was constructed and checked-out. Vibration displacement measurements were taken, using
non-contacting eddy current proximeters. These measurements were monitored in a test

-control space which contained state-of-the-art oscilloscopes, a computer with data
- acquisition system, a data recorder, and a digital vector filter. A spectrum analyzer with

modal software was used to provide frequency response displays and perform modal
analysis of the shafts.

In initial testing, a subscale aluminum shaft was balanced and run through its first
and second critical speeds. This showed that external damping was necessary. A braided
graphite/epoxy shaft was also designed, built and tested. This shaft was a subscale model
of one designed optimally for the AH-64 helicopter. Natural frequencies were found durin
stationary tests and rotating tests followed. Successful balancing through the first an
second criticals was accomplished. Based on a search of published literature, this was,
apparently, the first successful operation of a graphite/epoxy driveshaft above several
critical speeds. Although damper failures occurred, there was no indication from the tests
that higher speeds could not be reached.

Critical speeds were measured for the aluminum shaft in the test rig within 2% of
the predicted values, and for the composite shaft within 6%, but one extra experimental
mode was discovered with the composite shaft which was not predicted analytically.
Investigations as to the nature of this "extra" mode, and the reasons for it being "missed"
in the numerical analyses were conducted. The test shaft was subsequently found to be
bowed, and a microscopic study was performed on a small section of it, to assess
manufacturing quality and ascertain why it was bowed.
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Several forms of external damping were investigated and passive magnetic damping
combined with Coulomb friction chosen, because it reduces susceptability to wear and is
relatively easy to incorporate. Purely mechanical dampers deteriorated quickly. The
gmonntdof damping available for a given magnetic field was determined and a damper

esigned.

Tests of aluminum shafts in which the shafts carry properly scaled torques

glg.bout 10 NM) showed dynamic behavior unaffected by the application of steady torque.

he composite shaft, on the other hand, appeared to be very sensitive to torque at low
speeds (1st critical), but less sensitive at higher speeds (2nd critical).

A series of tests was completed which simulated the supercritical half-length of the
AH-64 design using a braided composite shaft. The scaled operating speed of the shaft was
3552 rpm, which lies just below the second critical speed of 4050 rpm, and the scaled torque
was 5.2 N-m. An electromagnetic eddy current damper was found to be effective at low
speeds, but less effective at high speeds (above the first critical speed); the coulomb damper
seemed necessary for sustained supercritical operation. The shaft was balanced in stages,
using the Unified Balancing Approach [11], through the second critical speed and to a point
approaching the third critical speed.

Work was also begun on modifying the composite shaft design optimization analysis
to allow variations of fiber layup along the shaft’s axial length. The additional design
flexibility of incorporating fiber geometries which vary over the length of the shaft should
provide further reduction in system weight. It is expected that this approach could also
lead to designs which eliminate separate flexible couplings between shaft segments, by
permitting sufficiently low local bending stiffness at the ends of the shaft to accommodate
the levels of misalinement for which separate flexible couplings are intended. It was at this
point that the research was terminated after four years of effort.

E. Helicopter M ver r Loads
(Sr. Invest’rs, O. Bauchaa, M. Crespo da Silva, R. Loewy)

. This research was an exploratory evaluation of the effect rotor design characteristics
have on violent maneuver capabilities and the structural dynamic rotor loads encountered
thereby. The task was subdivided into several parts involving methodology advances to be
completed before the investigation envisaged could be successfully conducted. First a rotor
blade dynamic response prediction method, given the applied loads, was to be developed
which uses a modal superposition approach. Second, a finite element based, multibody
method would be established both as a means of evaluating modal approaches, and as a
useful methodology in its own right. Third, perturbation methods, with exact
mathematical treatment of more approximate physical models were to be used to insure
that no basic instability associated with maneuver conditions would be overlooked. All of
these methods were to account for geometric nonlinearities and composite blade design
characteristics, including elastic coupling and large shear deflections. In the first two
approaches, non-periodic rotor hub motions were to be accounted for and step by step time
integrations implemented.

1. jicati rali inate An
Sr. Invest’r, R. Loewy; A. Rosen and B. Mathew)

The maneuver research of this project intended to contribute to the methodology of
designing rotors for which agility is a major consideration. Including blade loads during
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maneuvers in optimization studies requires high computational efficiency, if only to provide
a proper starting point for such studies in nonconvex design spaces. The computational
efficiency of modal methods, ie use of generalized coordinates, therefore, provided the
motivation for this project. New rotors will certainly use composites, the elastic tailoring
possible with composites, and root retention system kinematic couplings which enhance
aeroelastic stability. Accordingly, the first tasks undertaken in adapting generalized
coordinate analyses to maneuver blade load prediction were to include the effects of
transverse shear deflections and cross section warping as well as the effects of elastic
coupling. The generalized coordinate methods presented in Refs. 12-16 are analyses with
capabilities for predicting blade response, both static and dynamic, with geometric
nonlinearities, so long as strains are small. In the extended cases, cross-sectional warpings
were also taken to be small relative to cross-section depth. This was tantamount to a
small strain restriction for shear strain.

Two alternative means of dealing with transverse shear deflections were considered.
In the first, normal modes which account for transverse shear deflections were to be used as
generalized coordinates and the strain energy associated with transverse shear strains
included by quantifying the shear strains in those modes. In the second, normal modes
which do not account for transverse shear displacements would be used and their strain
energies limited (as is the usual Euler-Bernoulli beam method) to those generated by
normal (ie bending) strains. In addition, however, modes of pure transverse shear
deflection would be defined and used as additional degrees of freedom.

Natural mode and frequency calculations were first made for a rotor blade with the
same mass and geometry characteristics as that of the BO-105 helicopter to assess the
importance of transverse shear deformations. Its structure, however, was taken as the
composite box beam of Ref. 17. Calculations for the non-rotating modes were made using
a transfer matrix analysis, for the range of shear web fiber angles in that reference. Errors
in natural frequencies entailed in neglecting transverse shear deflections were shown to
range from 2% to 67% between 1st and 5th modes, respectively, when the fiber angle in the
web is 15°, and from 0.5% to 24%, respectively, when the ply angle is 30°.

With the effect of transverse shear deformations shown to be significant, and earlier
influence of cross-sectional warping known to be strong on torsion for composite blades
118], the generalized coordinate analysis method was extended to include both effects. Asa
means of addressing the accuracy of the extended method, two cases for which solutions
exist were analyzed. The first predicted the coupled extensile-torsional motion of a
pretwisted rod under tensile load and compared the results obtained using the new method
with those of an exact solution, assuming first that both ends of the rod were free to warp
%)F/F) and then assuming that one rog was clamped with respect to warpage (C/F).

ifferences due to these end-conditions were found to be confined to regions within
approximately one rod depth of the end in question, as would be expected from St.
Venant’s principle, for members with rather typical structural characteristics. Results
comparing non-dimensionalized extensile and torsion deformations versus non-
dimensionalized length X/L, for the present theory and the exact solution [19] showed very
good agreement, considering, particularly, that the analysis used, as degrees of freedom,

ve quarter sine-wave modes each, for twist and extension and for length-wise variation a
single, St. Venant torsion warping shape [20].

The second case examined with the new theory was classical planar bending of a
sandwich rod, for which both theoretical and test results exist [21,22]. Agreement as to
predicted tip deflection under a load in the depth direction was very good, considering that
the referenced theory ignored both the skin depth compared to core depth and shear effects
in the skins and both were accounted for in the new theory. All these developments were
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subsequently reported in [23).

Further development of the methods of Refs. 12-16 for the purposes of rapid,
design-oriented dynamic analysis of maneuvering rotors included a Lagrangian Multiplier
approach to allow hub retention system parameter variations to be investigated efficiently.
Two idealized rotor hub-hinge system models were postulated to assess the new method’s
capabilities. Trends of natural frequencies, damping ratios, and the amount of blade pitch
induced by root flapping or lagging motions for variations of root retention system
parameters were examined. These theoretical extensions and their application to practical
helicopter cases were reported in Ref. 24.

The final theoretical developments extending the basic generalized coordinate
method included the effects of sweepback, as currently used at blade tips. As a means of
addressing the accuracy of the method extended so as to include sweepback, comparisons
were made with the results of curved beam theory and with those of a transfer matrix
method. The latter comparison examined sweptback blades in both a "cranked"
configuration (ie where sweepback appears as a local discontinuity in the elastic axis
direction) and as a locally curved elastic axis. The intent in this research was to establish
accuracy limits on using natural modes and frequencies, obtained for one swept-back rotor
blade configuration, as generalized coordinates in an analysis of a blade, identical in all
other respects, but with different sweepback.

The transfer matrix analysis was used to calculate up to 9 coupled transverse
bending-torsion, nonrotating natural modes and frequenceis for the following beams with
uniform properties: straight, circular quadrant, and two "cranked" cases - one with 45°
bend, one with 90° bend. Modal analyses showed that quite reasonably agreement can be
expected for up to 5 modes, if enough modes, say 9, from calculations for a beam with
different sweepback, are used as generalized coordinates. The agreement is significantly
better for blades with continuously varying sweep, if local curvature expressions are used in
the analysis, rather than a series of discreet changes in sweepback. Some of these results
are tabulated in Figs. 15 & 16.

Extending the equations of motion for a rotor blade, using the methodology of
Refs. 12-16, to include hub linear and angular accelerations and velocities, as are
encountered during maneuvers, was accomplished in terms of a "velocity component
transformation". The axial displacement of the blade along its elastic axis, relative to the
hub, was assumed to be determined by the inextensibility condition, as in the earlier
analyses. Without the "rigid body" hub rotations associated with maneuvers, the velocity
coordinate shape functions had been selected simply as "reasonable" shapes. Since the
displacement shap~ functions had been selected as the uncoupled, nonrotating (flat-blade)
modes, the mass and stiffness matrices in the equations of motion which result - when the
displacement and velocity coordinates are properly related, for that case - “ould have
been diagonal matrices (by the urthogonality condition). They were, to wit.  about 1%.
When constant and linear (with radius) shape functions were addea tc .ae velocity
component coordinates, however, as required for a maneuver case, the off- . agonal term
errors grew to 10%. This experience lead to definition of velocity component shapes, in
addition to those required by "rigid body" hub motions, as dictated by the definitions used
in the derivation of the method. That is, the axial extension, bending and twisting shapes
and their derivatives which appear in the velocity component expressions were calculated
as exactly those resulting from the displacement coordinate definitions and their
derivatives and by the inextensibility assumption. Only these consistent shapes were
included as velocity component shape functions. When this was done, off-diagonal terms
iin the mass and stiffness matrices were calculated as zero, to within at least six significant

gures.
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Two more aspects of nonlinear blade response prediction using generalized
coordinates demandc- refinement and extension of a fundamental nature, over the course of
these studies. The first refinement was to ccrrect for the lack of adequate cyclic blade
control pitch representation in the mathematical models of Refs. 16. This inadequacy was
brought to the forefront by continuing efforts to match Boe ng forced response results. The
second aspect involved torsional stiffness modeling and arose from attempts to correlate
with the simple, nonlinear forced response cases reported by O. Bauchau in Ref. 25.

Cyclic pitch has the effect of changing what can be considered as the "initial
configuration", in a non-linear analysis, at every azimuthal station. Pitch angle changes
the courling between motions in the plane of rotation with those out of that plane. Since
the generalized coordinate formulation involves kinetic energy integrals of the blade
physical properties, the mode shapes used in the modal basis, and the blade piich angle -
cyclic pitch, if expressed as part of a total pitch angle, can require recalculation of these
integrals at every azimuthal step. A major advantage of the method had been tha: these
integrals need only be calculated once for any given case, greatly reducing the
computational time required. It was thus important to redefine and separate these
integrals in a way which extracted and segregated the cyclic pitch angle.

To be explicit as to properly accounting for cyclic pitch, it is necessary to review the
basic formulation. First, recall that the strain energy of the blade expressed in terms of
generalized coordinates, using the natural free vibration mode shapes of a blade with zero
twist and zero mass coupling between bending and torsion is written:

Ug = %{Qe}T[Ke]{Qe}
where [K¢] is given by:

mo 0 .. 0
[Ke] —_ 0 mzwg e 0

1

[ 0 0 ... mpw?
and the generalized coordinates, qe, result from the definition of what was called the
"principal curvature transformation". Each of the terms in [K¢] is the effective mass, m;,
in a given mode, times the natural frequency squared in that free vibration mode. To
express the strain energy in terms of the displacement geueralized coordinates, q, that are
ultimately to be used, their relation to the "principal curvature" coordinates, ge, must be
described. The details of this nonlinear transformation are reported in Ref. 13. It is
sufficient here to note that the "principal displacement" coordinates are related to the
physical displacement coordinates by a nonlinear relation which reflects the total motion,
as it enters the kinetic energy; ie

[Di{ge} = [[Ds] + [D3]l{q}

The resulting strain energy relation in cartesian displacement coordinates is, then,
expressed as follows: .

Ue = 5{a}"(K]{a}
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where [K] is:

K] = [Ki +[Ky]
[Ky] = [D2]T[D4][D]
[Kq] = [D3]T[P4][D2] + [D2)T[D4][D3] + [Ds]T[D4](D3)
[D4 = [Di" [Ke][Dy]"
To both include cyclic pitch and segregate terms associated with it, the matrices on

the right hand side of the above equations have to be partitioned so that the local pitch
angle, 6, appears in blade integral elements in the forms:

r g sind, or
Da;j = JO f35(x) cosf, or
r L sinf, or
D3;; = JO fi;(x) cosf, or

Since blade pitch can be defined as:
0 = 90 + 0(:

where 8, is the steady blade pitch, and 6 is the cyclic pitch, the matrices [D2] and [Dj]
can be partitioned using the relations:

sin&ﬂo + 9%
cos 00 + 0(;

= Sinaocos 0(: 4+ cos 0oSin'0c
= co0sf,cosf. - sinf,sinf.

The cyclic pitch terms in the integrals in [D3] and [D3] are as follows:
[Dg] = cosfe [[D;s] + [D;c]] + sinfe [[Dgs] -8 ]] + (D)
[Ds] = cost [[Ds] + D ]] +sinde [[Db ] - (Db ] + [Dao

Collecting terms and defining:

0y = [[os) - (D8

2c

D3 = [(0a) + (D3]]
]

3] = [[D2)+ (D2

3¢

)
DY) = [ip8 - (D]
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The resulting relation between the "principal curvature” and physical coordinate systems is
then given by:

[Di{ae} = [cosoc[D:] + sinac[Dl;] + [D20o] + cosac[DZ] + sinoc[DI;] + [D;o]] {a}

Adopting the abbreviations s; = sinf. and ¢, = cosé,,
the stiffness matrices are expressible as

K] = [Ky]+[Kj]

[K) = cADAIT [Dg [Ds] + s2DLITIDADY + i [[DETDA(DY) + [DETDI(DS]] +
st [IDSTIDAID, J7 [D4D5]] + et [[DTID Do) + [DacfTIDIDS] +

[D2o)T[D]{D20]

[Ki = c2 [[Da]7(D] (D3 + [DZT(D4IDE + [DET(D(DY] +
st [[DYI[DA(DY] + [DYJ7[D JiDb] + [DYJ7(D (Y]] +
cuse [[DA/TDADS] + [DaJT(D J{D] + [DYITD J[Ds]] +
[DYT(D (D3] + [D4JT(D JID] + [DBIT(D JiDa]| +
st [[D, JADADS + (D J7(D (DY) + [DHIT(D D, | +
[DYT[DA[D, | + [DEJT(D JiD, ] + D JTID JiD]] +
ot [[DYTDAD, ] + [DET(D D, ] + [D=I7(D JD, ] +
[, 17[D[Ds] + [D_J7[D D) + [D_[7[D (D3] +

T T T
[ib, oo, ] + [0, 7D (D, | + D 17D JD, ]
where s; and c. are, in general, functions of the azimuthal angle .

Turning to the torsion stiffness modelling, lack of correlation between the
non-linear forced response results of the generalized coordinate analysis which are the
subject of this project and those of Ref. , appeared to be influenced by the unusually
high natural frequencies in torsion associated with the particular model chosen in that
reference. This had the apparent benefit of isolating the source of discrepancies to a
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narrow area of the program, promising that they could be resolved rather quickly. Such
activities were still underway at the completion of the contract.
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Fig. 15
QUADRANT
NONROTATING NATURAL FREQUENCIES(RAD/Sec)
MARBL2

TRANSFER USING USING USING USING
MATRIX QUADRANT St BEAM St BEAM St BEAM

MODES (5) MODES(5) MODES(9) MODES (9)

CURVATUR (CRANKED)
5.007 5.007 5.676 5.005 5.203
23.90 23.90 25.05 2408 24.83
75.07 75.07 80.28 75.61 © 76.71
138.5 1385 1432 139.9 145.4
171.6 171.6 175.9 1733 175.8
< Xy=
R = /872"
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Fig. 16a
90 DEG. SWEEP
NONROTATING NATURAL FREQUENCIES(RAD/Sec)
MARBL2
TRANSFER USING USING USING
90 DEG. . )
MATRIX Moosg's (5) - ﬁo%EE% (5) %85%5 (9)
g

6.250 6.269 6.550 6.487
16.98 17.03 17.71 17.58
84.61 85.99 86.33 85.38
118.2 119.4 120.3 119.8
196.2 191.2 241.3 | 2273

Fig. 16b

45 DEG. SWEEP

NONROTATING NATURAL FREQUENCIES(RAD/Sec)

MARBL2

TRANSFER USING USING

MATRIX ﬁ&f&% (5) 335:95 (9)

5.132 5.140 5.254

23.34 23.45 24.92

84.05 85.45 84.67

1146 114.0 1173

182.7 182.6 2139

48




M N I N A A B D B '
;

2.  Adaptation of Existing Non-Linear Aerodynamics Modules
~(Sr. Invest'r, R. Loewy; B. Mathew)

The aerodynamic module of the Boeing Helicopter Company, C-60 comprehensive
rotor analysis program, was requested and provided to Rensselaer as a potential source of
non-linear, quasi-static airloads for maneuver studies. Since the aerodynamic module of
C-60 was never intended to be run except as part of the larger program, discovering how to
input needed quantities and access desired results was not trivial. Its first application in
obtaining the lift, drag and pitching moment distribution on a helicopter blade performing
a rudimentary flight maneuver considered an idealized vertical pull-out, ie a symmetric
flight-path along a circular arc.

The helicopter example chosen had characteristics very similar to that of the
YUH-61A helicopter. (Gross weight = 17000 lbs; propulsive force = 1800 Ibs; rotor speed
= 286 rpm; flight velocity = 100 ft/sec., rotor radius = 24.5 ft., four blades; chord =
23.33 in.g’ A constant-g pull-up was postulated for the purposes of comparison, to gain a
preliminary qualitative understanding of how maneuvers change blade air loads, using this
idealized example. The major assumptions used initially were (1) rigid, hinged blades, (2)
thrust perpendicular to the tip path plane and (3) uniform induced velocity. Collective
and cyclic control inputs were estimated using appropriate expressions from a standard
text in an open-loop procedure; i.e. no adjustments were made to the simple estimates for
collective and cyclic, following calculation of the airloads. Lift force variations with
azimuth at 95%, 85%, and 75% radius were calculated for the postulated flight condition,
first using the linear option of C-60, in which the lift curve slope is constant and no
compressibility effects are included.

Subsequent calculations employed the nonlinear option of C-60. This involves a
"table look-up" procedure for airfoil section characteristics. In in this case, static airfoil
tables for the NACA 23012 airfoil were used to obtain values of Cy, Cp and Cy. A
reasonable steady lift component correlation with the linear case was obtained.
Comparisons of the drag results from the two methods on the advancing side (azimuth
angles between 36° and 144°) at 95% radius indicated that there are compressibility effects
for this flight condition, playing a lesser role (as expected) at 85% and 75% radius. Neither

_ lift nor pitching moment results showed that the rotor in question stalls on the retreating

side (azimuth angles between 216° and 324°) in postulated pull-up maneuvers up to 2g’s.
Such effects were unmistakable, however, in the pitching moments when the normal
accelerations were increased to 3g’s. Furthermore, moment stall effects were experienced
under this condition as far inboard as 75% radius. Further, a small mean lift change, even
though control input intended a 3-to-2 increase, based on linear aerodynamics, confirmed
the stall indicated by pitching moments.

These early results using the C-60 computer program in maneuvering blade loads
research suggested that the next logical step was to incorporate radial variations of airfoil
sections. This would allow investigating that means of minimizing the unfavorable effects
of compressibility and stall encountered in the lift, drag and pitching moment distributions
predicted for a typical helicopter blade performing an idealized vertical pull-out. To insure
that "loading" new airfoil data into the C-60 table look-up portion of the program would
be done properly, correlation efforts were conducted using a version of CAMRAD, made
available to the RRTC by McDonnell-Douglas Helicopter Company. This contained
different airfoil section data than our C-60 module (NACA 0012).

For correlative purposes, airloads were calculated using both CAMRAD and C-60

for the instant in the pull-up maneuver at which the normal loads are vertical. Rotor shaft
angles were chosen arbitrarily with respect to the vertical, and CAMRAD was used to
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determine blade collective and cyclic pitch control inputs, such that vertical and
longitudinal hub forces and pitch and roll hub moments were balanced. These trim
calculations assumed that the required side force and rotor torque would be provided by
other means - the "Wind Tunnel" option in CAMRAD. All of this, plus the associated
blade coning, flapping and lagging responses, were also used as input to the C-60
aerodynamic module. After carefnf attention to making the inputs identical, excellent
agreement was obtained, establishing the equivalence of these particular CAMRAD and
C-60 aerodynamic modules.

The instantaneous, "snap-shot" nature of the maneuver comparisons conducted to
this point embodied differences from straight, steady level flight at higher than normal
gross weight only in two respects: the linearly varying inflow - fore and aft - due to the
aircraft’s instantaneous pitch rate, on the one hand, and the gyroscopic moments that must
be applied to the rotor to make it generate those pitch rates, on the other hand. Fig. 17
shows four curves of aerodynamic loading at the 95% radial station for a 1.25g symmetric
pull-up, for each of the out-of-plane and in-plane directions. These four curves are (1
with neither pitch rate inflow nor gyroscopic moment (labelled "baseline"); (2) and (3
with these two effects separately; and (4) with both effects. It is clear that the gyroscopic
moment requirement has a large effect, whereas the pitch rate inflow does not.

Even with side-force and torque provided as required, in the CAMRAD "wind
tunnel" trim option, unreasonable values of certain parameters, such as shaft angle, began
to be required for trim when pull-up accelerations were specified as significantly greater
than 1.5 g’s. When a typically sized tail-rotor and fuselage were defined and incorporated
into the program input and cases rerun for 0, 1.5 and 1.75 g's using CAMRAD’s "free
flight" trim option, reasonable results were also obtained up to 1.5 g’s in the idealized
pull-up maneuver, but at higher values, side-slip angles too large for practicality were
predicted for trim. We concluded that use of CAMRAD in these maneuver studies should
be limited to establishing "straight and level" trim conditions prior to instituting maneuver
control inputs, and that in subsequent time steps, C-60 should be used to calculate rotor
blade airloads.

In making these comparisons, several aerodynamic characteristics affecting the
. blade loads were noted. Re-ial and tangential components of induced velo